We have conducted a comprehensive series of experiments to evaluate the effects of pore size distribution of 9 porous media on the dynamics of shear-thinning fluid flow and oil displacement efficiency. To do so, we have conducted 10 microfluidic experiments, using micromodels fabricated from X-ray computed tomography images of sand-packs with varying 11 grain sizes to create a realistic pore network. Three micromodels with well-defined particle size distribution were fabricated and 12 used in our experiments. The use of micromodels to assess the effectiveness of polymer flooding is often superior to methods 13 such as core flooding because of the detailed pore-scale information obtained during the experiments. The micromodels were 14 initially saturated by oil, and the displacing fluids were prepared as aqueous solutions with dissolved xanthan gum. The dynamics 15 and patterns of the interface displacement as well as the size distribution of the trapped oil ganglia were visualized using an 16 optical microscope. The main findings of these experiments are that polymer flooding produces higher recoveries compared to 17 water flooding. However, the effect of pore size on oil entrapment is not uniform across different viscosity ratios, and the 18 relationship between particle size and the quantity of trapped oil ganglia is not consistent across the pore size ranges of the 19 micromodels. Polymer flooding is less efficient in systems with smaller pores, where capillary forces dominate over viscous forces.
INTRODUCTION
21 Oil recovery from conventional subsurface hydrocarbon 22 reservoirs is notoriously low with, on average, more than 23 two-thirds of oil being unrecovered.
1,2 There are several levers 24 which impact field-wide recovery factor in conventional oil 25 reservoirs, including pore-scale displacement, sweep, drainage 26 (i.e., areas of the reservoir efficiently drained by the production 27 wells), and economic cut-offs (i.e., the length of time the field 28 can continue producing before economic loss occurs.). 3−5 The 29 total recovery factor can be increased by extracting more oil by 30 improving total recovery due to any one of these four levers. 31 The areas focused on in this work are pore scale displacement 32 and sweep. One of the most common techniques used for 33 improved reservoir sweep is waterflooding, which can isolate 34 pockets of oil as they are bypassed by the water, splitting the oil 35 into continuous and discontinuous phases in the swept or 36 unswept areas of the reservoir, respectively.
1,6 37
The effectiveness of the makeup of the injecting fluid on 38 improving sweep efficiency has been the main focus of much 39 research, with many studies conducted into the different 40 properties which alter the final recovery.
7−14 The use of shear- 41 thinning fluids such as polymers and foams has been the focus 42 of much recent work 8,9,11,13,14 both from an experimental and a 43 computational fluid dynamics (CFD) standpoint. It has been 44 shown in numerous studies that the addition of polymers 45 increases recovery 11,15 due primarily to the associated increase 46 in viscosity. 47 Microfluidic analysis provides an excellent opportunity to 48 look into the details of pore scale displacement processes 49 during oil displacement in porous media at a high resolution 50 (where pores of a few millimeters diameter can be easily cannot be accurately studied (Conn et al. 17 conducted in the three micromodels for all four fluid pairs listed in Table 3 . For each of the 12 micromodel−fluid pair combinations, the 172 experiment was conducted three times resulting in a total of 36 rounds 173 of experiments. The three experiments conducted with each fluid pair 174 and micromodel combination are termed an "experimental series" in 175 the remainder of the paper.
176
During each experiment, the model was initially saturated with one 177 of the two oils at a flow rate of 100 mL/hour. After saturation, an 178 initial image was captured as a reference for subsequent image analysis. 179 The oil was then displaced by injecting either deionized water, dyed 180 with 1 w/w% Ecoline 100 dye (Royal Talens, The Netherlands), or 181 the dyed xanthan solution at a constant flow rate of 1 mL/hour using a 182 syringe pump (PHD Ultra 3000, Harvard Apparatus), and images of 183 the displacement were captured at one second intervals. As shown in Table 3 , with a range in M and Ca of almost 4 and 2 212 orders of magnitude, respectively, several displacement regimes may be 2.4. Image Analysis. The dynamics of oil displacement and 216 residual oil ganglia distribution were visualized using an optical 217 microscope (Leica M205C, 20.5:1 zoom, maximum resolution of 218 0.925 μm, equipped with a Leica DFC 3000G high resolution digital 219 camera). The images were analyzed using a combination of MATLAB 220 and ImageJ. The images were segmented using a custom-designed 221 MATLAB code. The segmentation process consisted of four sequential 222 steps: (1) A reference image was captured where the entire pore space 223 was flooded with white dyed liquid, allowing a segmentation mask for 224 the fluids in the pore space to be created. (2) The images were filtered 225 using a median filter. In order to minimize micromodel boundary effects, a window with 238 the size 12.7 mm × 6.6 mm was selected for quantification. This size 239 was selected after evaluations of different window sizes to ensure that 240 the selected area was representative of the residual oil and blob size 241 distribution for the whole model. The distribution and morphology of 242 residual oil ganglia were visualized and quantified using ImageJ. 243 Following segmentation using MATLAB, images such as those 244 presented in Figure 2d −f were then thresholded in ImageJ to reduce 245 the image to 2 phases−the residual oil phase and everything else (i.e 246 the flooded area and grains), as shown in Figure 2g −i. The ImageJ 247 "Analyse particle f unction" was then used to obtain the quantity and 248 morphology of the residual oil ganglia. Two particular times of interest 249 in our analysis are the breakthrough time (T b ) and the time to final 250 conditions (T f ). The T b is defined as the earliest time at which the 251 injecting fluid reaches the micromodel exit, and T f is defined as the 252 point where steady state was reached and no more oil is produced by 253 the displacing aqueous phase (i.e., the phase saturation distribution 254 remains constant throughout the micromodel). The residual oil 255 saturations at T b and T f were calculated in MATLAB using the 256 segmented images. Fluid saturations in the micromodel at times t, t + Δt, t + 2Δt, and t + 3Δt, where Δt is 2 s. Panels a−c denote displacement P−O2, while panels d−f denote displacement W−O2. The dark areas represent grains. White, yellow, orange, and red represent polymer (a−c) and water (d−f) saturations at different timesteps throughout the experiment (t, t + Δt, t + 2Δt, and t + 3Δt, respectively). Gray represents the pore spaces filled by residual oil at time t + 3Δt. Energy Fuels XXXX, XXX, XXX−XXX 291 micromodel with the smallest average pore size (corresponding 292 to average particle size 0.6 mm) has the lowest final recovery. 293 The reason for the different trend in the P−O2 case, compared 294 to all other cases is due to the higher viscosity ratio. As the 295 viscosity ratio approaches 1, the effect of pore size is exhibited; 296 all other fluid pairs have a viscosity ratio sufficiently below 297 parity to negate the effect of differing pore sizes.
RESULTS AND DISCUSSION

Energy & Fuels
298
The polymer solution achieves higher recovery than water at 299 final conditions in almost every case, which is consistent with 300 polymer flooding experiments conducted by Herbas et al. 
Energy & Fuels
Article DOI: 10.1021/acs.energyfuels.7b01254 Energy Fuels XXXX, XXX, XXX−XXX 370 recovery efficiency for the P−O2 fluid pair shown in Figure 4 is 371 almost identical to that of waterflooding demonstrates that 372 polymer solution may have less potential for improving 373 recovery of certain oil types in systems where the pores are 374 smaller and therefore the capillary forces are more dominant. 375 The smallest average pore size in these micromodels 376 corresponds to the smallest grain size (0.6 mm), which is 377 equivalent to a medium−coarse grained sandstone on the 378 Udden−Wentworth grain size classification. This means that higher, and the displacement front is therefore more stable, the then the breakthrough time would be significantly delayed, 
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Our results show that polymer flooding is less effective at 488 finer grain sizes, which in this experiment correspond to 489 medium−coarse grained sandstones. Because many reservoir 490 sandstones are fine to medium grained, 32 this would suggest 491 that polymer flooding may not be more efficient than 492 waterflooding at improving recovery in many sandstones.
493
This study aimed to extend the knowledge of how polymer 494 flooding works at the pore-scale and provides insight into the 495 different scenarios in which polymer flooding is most effective. 496 The insights provided here will help to assess the suitability of a 497 reservoir for polymer flooding with regards to the pore sizes 498 found in the reservoir. Energy & Fuels 
